Huntington disease (HD) is a dominant neurodegenerative disorder caused by a CAG repeat expansion in HTT. Here we report correction of HD human induced pluripotent stem cells (hiPSCs) using a CRISPR-Cas9 and piggyBac transposon-based approach. We show that both HD and corrected isogenic hiPSCs can be differentiated into excitable, synaptically active forebrain neurons. We further demonstrate that phenotypic abnormalities in HD hiPSC-derived neural cells, including impaired neural rosette formation, increased susceptibility to growth factor withdrawal, and deficits in mitochondrial respiration, are rescued in isogenic controls. Importantly, using genome-wide expression analysis, we show that a number of apparent gene expression differences detected between HD and non-related healthy control lines are absent between HD and corrected lines, suggesting that these differences are likely related to genetic background rather than HD-specific effects. Our study demonstrates correction of HD hiPSCs and associated phenotypic abnormalities, and the importance of isogenic controls for disease modeling using hiPSCs.
INTRODUCTION
Human induced pluripotent stem cells (hiPSCs) carry the whole genetic context of a patient and can be a virtually unlimited source of differentiated cell types of interest. Increasingly, hiPSCs are being applied for disease modeling and drug screening for a number of neurodegenerative disorders, including Alzheimer's disease, Parkinson's disease, amyotrophic lateral sclerosis, and Huntington disease (HD) (Sterneckert et al., 2014) . Indeed, a number of valuable disease phenotypes have been uncovered using differentiated neuronal subtypes of disease relevance (Ichida and Kiskinis, 2015) .
However, one of the challenges of hiPSC-based disease modeling is the variability in differentiation potential due to variations in their genetic background (Kajiwara et al., 2012) . This may result in inappropriate interpretation of disease phenotypes in vitro. Furthermore, the influence of genetic background on disease phenotype can be significant even for monogenic, dominant, and highly penetrant diseases such as HD. Indeed, a recent genome-wide association study identified a number of loci with putative disease-modifying variants that appear to influence the age of neurological onset in HD (GeM- HD Consortium, 2015) . Therefore, the use of control hiPSC lines that are genetically identical is crucial to increase confidence in candidate disease phenotypes and mechanisms, and to minimize the chance of missing modifiable effects that are of relevance to the pathogenesis of disease.
With recent advances in genome-editing technologies, such as the zinc finger nucleases, transcription activatorlike effector nuclease, and the CRISPR-Cas9 system, the establishment of isogenic control hiPSCs has become more feasible. Here, we describe the seamless correction of an HD hiPSC line. HD, the most common genetic cause of dementia, results from an expansion of a polymorphic CAG repeat tract in exon 1 of HTT (Group, 1993) . Using a CRISPR-Cas9 and a piggyBac transposon-based selection system (Yusa, 2013) , we corrected HD hiPSCs and established isogenic control hiPSCs with seamless excision of the selection cassette. Evaluation of the corrected lines demonstrates that a number of phenotypic abnormalities and gene expression changes in HD hiPSC-derived neural cells are rescued in isogenic controls. Our study highlights the utility of isogenic controls in distinguishing HDspecific molecular phenotypes from those related to the genetic background.
RESULTS

Gene Correction of HD Patient-Derived hiPSCs
To correct the disease mutation in HD hiPSCs and generate isogenic control lines, we employed a CRISPR/Cas9 and piggyBac-based gene-editing approach. We chose one pair of sgRNAs (sgRNA-a and sgRNA-b) for a Cas9 nickase (Cas9n)-mediated cleavage (Ran et al., 2013) at the HTT locus to reduce off-target (OT) activity and enhance homology-dependent repair efficiency ( Figure 1A ). sgRNAs were cloned into Cas9n-expressing vectors and their cleavage activity was tested using a fluorescence-based surrogate reporter assay (Ramakrishna et al., 2014) . Forty-eight hours after transfection, 3.28% RFP and GFP double-positive cells were detected by flow cytometry in cells co-transfected with CRISPR-Cas9n and surrogate reporter plasmids. This was 2.5-fold higher (1.3% double positive) than in cells transfected with the surrogate reporter only ( Figure 1B ), indicating efficient cleavage using this pair of Cas9n/ sgRNAs. To establish isogenic controls for HD hiPSCs, we employed a piggyBac transposon (PB) selection cassette-based homologous recombination (HR) donor, which enables seamless transposase-mediated removal of the selection cassette from the targeted locus ( Figure 1C ). The PB selection cassette contains a puromycin-resistance gene (Puro   R   ) for positive clone selection, and an hsvTK gene for negative selection. HD hiPSCs were transfected with the HR donor plasmid and the sgRNA-a and sgRNA-b Cas9n-expressing plasmids, followed by puromycin selection. Drug-resistant colonies were selected for further culture and screening by junction PCR ( Figure 1D ). Two pairs of primers were designed for HR screening ( Figure 1C ). Targeted clones were identified by positive PCR amplification using both primer pairs ( Figure 1E ). Successful correction of the mutant HTT allele was confirmed by western blot using antibodies for total HTT (MAB2166) and mutant HTT (1C2 and MW1) ( Figure 1F ). Of the 129 colonies screened, 14 were positive by junction PCR, and 6 of these were confirmed for correction by western blot ( Figure 1G ).
Because the integrated selection cassettes in targeted clones may affect HTT expression, corrected hiPSCs were transiently transfected with a PB-expressing plasmid, followed by negative selection with 0.2 mM fialuridine. Resistant colonies were screened by junction PCR, and clones with no positive PCR amplification with the F1/R1 and F2/R2 primers were determined as free of the PB selection cassette at the HTT locus ( Figure 1H ). Using fragment analysis, we verified that the expanded CAG tract present in the CAG180 parental line was absent in the corrected clones ( Figure S1A ). Furthermore, we performed Sanger sequencing analysis of the TTAA sites that flank the inverted terminal repeat sequences of the PB selection cassette and confirmed effective excision of the selection cassette ( Figure S1B ). Finally, using immunoblotting we verified expression of normal HTT in the corrected hiPSC clones post-excision ( Figure 1I ).
To investigate potential OT CRISPR/Cas9n activity, we screened ten of the top-ranked OT sites predicted by in silico analysis using the Surveyor assay ( Figure S1C ). Our analysis revealed no detectable mutations at all ten regions examined ( Figure S1D ).
To further investigate potential OT effects beyond the top-ranked sites, we performed whole-exome sequencing on three isogenic control hiPSCs and compared their sequences with that of the parental CAG180 line (Table S4) . While a low number of single nucleotide variants (SNVs) were detected in each of the corrected hiPSC lines (Table  S5) , no single SNV was common to all three isogenic corrected lines (Table S6 ). This strongly suggests that the SNVs detected represent de novo mutations acquired during normal passaging of the hiPSCs and not from OT activity of the CRISPR-Cas9n. These results are consistent with previous reports indicating low OT activity following CRISPR-Cas9-mediated genome editing (Suzuki et al., 2014) .
Characterization of Pluripotency in HD iPSC-Derived Corrected Isogenic hiPSCs
We then examined whether the pluripotent characteristics of the parental HD hiPSC line, previously shown to express pluripotency markers and a normal karyotype (HD iPSC Consortium, 2012) , were maintained in the corrected hiPSC lines. Indeed, all corrected hiPSC clones stained positive for OCT4 (Figure 2A ), and had similar mRNA levels of the pluripotency genes OCT4 and LIN28 compared with the parental HD hiPSC line, CAG180 ( Figure 2B ). We focused on three corrected clones, HD-C#1, HD-C#2, and HD-C#3, for further characterization. The HD-C#1 and HD-C#2 clones were assayed using the PluriTest, a genome-wide gene expression-based bioinformatic assay for pluripotency (Müller et al., 2011) , and both demonstrated very high scores ( Figures 2C and S2 ). All three corrected clones showed potential to differentiate into the three germ layers, as shown by positive immunostaining for AFP (endoderm), Tuj-1 (ectoderm), and ASM-1 (mesoderm) ( Figure 2D ). Furthermore, karyotyping and G-banding analysis showed that all three clones maintained a normal 46,XY karyotype ( Figure 2E ).
Differentiation of HD and Isogenic Control hiPSCs into Forebrain Neural Cells
The cardinal neuropathological feature of HD is preferential loss of striatal and cortical neurons (Macdonald and Halliday, 2002; Reiner et al., 1988) . Therefore, studying human forebrain neurons derived from hiPSCs may shed light on pathogenic mechanisms contributing to HD. To assess the potential of our hiPSC lines to generate neural progenitor cells (NPCs) and neurons with forebrain identity, we used previously published dual SMAD inhibition protocols with some modifications (Delli Carri et al., 2013; Maroof et al., 2013; Xu et al., 2013) (Figure 3A ). After 15 days of neural induction, CAG180, isogenic control, and the nonisogenic healthy control CAG33 hiPSCs each were efficiently differentiated into forebrain NPCs, as shown by positive staining for Nestin ( Figure 3B ) and FOXG1 ( Figure 3C ). Moreover, the CNS NPC markers, PAX6 and SOX1, were also highly expressed on day 15 ( Figure 3D ). Forebrain NPCs were subsequently differentiated into GABAergic neurons expressing mature neuronal marker MAP2, neurotransmitter gamma-aminobutyric acid (GABA), and presynaptic marker synaptophysin (SYP) on day 48 ( Figure 3E ).
The transcription factor NKX2.1, a marker of the human medial and lateral ganglionic eminence regions, which represent the predominant developmental origin of striatal tissue (Maroof et al., 2013; Onorati et al., 2014) , was also expression of pluripotency genes OCT4 and LIN28 (n = 6 for CAG33, 3 for CAG180 and HD-C#1-3; values for independent biological replicates shown as mean ± SEM); and (C) high pluripotency score on the PluriTest (Müller et al., 2011) . Scale bar, 25 mm. See also Figure S1 .
(D) The gene-corrected hiPSCs maintain the potential to differentiate into all three germ layers as shown by positive immunostaining for AFP (endoderm), Tuj-1 (ectoderm), and ASM-1 (mesoderm).
(E) Karyotyping and g-band analysis show all gene-corrected iPSC clones have a normal 46,XY karyotype.
highly elevated at 34 and 48 days of neuronal differentiation ( Figure 3F ). Consistent with previous reports (HD iPSC Consortium, 2012) , no mutant HTT-containing aggregates were detected in neurons differentiated from HD hiPSCs ( Figure S3 ). Furthermore, the differentiated neurons were found to exhibit electrical activity. First, using multi-electrode array (MEA) recordings to measure population-level electrical activity, we found that spontaneous activity, including both individual spikes and spike bursts, was evident in cultures of neurons by day 50 ( Figure 4A ). Application of tetrodotoxin (1 mM) completely abolished these responses (data not shown). In addition, we compared the activity of neurons cultured in two different media, N2B27 medium and BrainPhys medium (Bardy et al., 2015) . Neurons cultured in BrainPhys medium were more active than those cultured in N2B27 medium ( Figure S4 ) and, as such, were considered healthier and used in subsequent electrophysiological assessments.
Next, we used whole-cell patch-clamp recording techniques to measure the intrinsic electrical characteristics of these differentiated cells. Filling the neurons with fluorescent dye, via diffusion from the patch pipette, revealed that many cells had structures characteristic of neurons, namely a central cell body and many fine processes (Figure 4B) . To determine whether these cells exhibited the excitability properties of neurons, depolarizing current pulses (1 s duration) were applied ( Figure 4C ). In hiPSCderived CAG33 control (24 out of 26), CAG180 HD (31 out of 32), and isogenic control (HD-C#3; 28 out of 28) cells, action potentials (APs) could be evoked by depolarization. Thus, the majority of cells examined in all three hiPSC-derived cell lines were excitable, as expected for neurons. The small number of cells that did not generate APs in response to depolarizing current pulses were most likely astrocytes, which are unexcitable; these were not included in our analyses.
The majority of neurons fired APs repetitively during 1 s long depolarizing current pulses ( Figure 4C , right). However, their maximum firing frequency was variable, ranging from 6 to 33 Hz. This indicates considerable heterogeneity in the types of neurons derived from the hiPSCs. In 37 of the 83 cells examined, including the example shown in Figure 4C , the minimum delay between stimulus onset and AP firing was longer than 200 ms (336 ± 17 ms; mean ± SEM). Such delayed firing is characteristic of medium spiny neurons (MSNs) (Arber et al., 2015; Klapstein et al., 2001; Nisenbaum et al., 1994) , suggesting that at least some of the iPSC-derived cells had MSN-like properties. The remaining cells fired APs with much shorter delays (113 ± 7 ms). Some cells from each group also generated spontaneous APs (sAPs) ( Figure 4E) ; an example is shown in Figure 4D . However, the frequency of sAP generation was not significantly different across the three different groups of hiPSC-derived cells ( Figure 4F ; p = 0.74, oneway ANOVA).
The passive membrane properties of hiPSC-derived cells also were very similar across all three groups; there were no significant differences in membrane capacitance ( Figure 4G ; p = 0.08, one-way ANOVA), input resistance ( Figure 4H ; p = 0.49), and resting membrane potential (Figure 4I ; p = 0.34). In addition, the membrane properties of putative MSNs from each group were very similar (data not shown). Thus, while most hiPSC-derived cells exhibited morphological and electrical properties characteristic of neurons, any differences between the three hiPSC lines were difficult to discern as a result of the heterogeneity in the types of neurons generated.
Reversal of HD-Related Phenotypic Abnormalities in Corrected hiPSCs
Previous studies have shown that HD hiPSCs are impaired in their ability to form neural rosettes (Jeon et al., 2012) . Consistent with these studies, we observed marked impairment in neural rosette formation in the CAG180 line compared with the non-isogenic CAG33 control line (Figure 5A) . Correction of the HD mutation in the isogenic HD-C#1 and HD-C#2 lines rescued neural rosette formation ( Figure 5A ), indicating that this impairment is indeed a consequence of the HD mutation and not related to differences in genetic background.
Increased cell death of neurons differentiated from HD hiPSCs following growth factor withdrawal has been reported previously HD iPSC Consortium, 2012) . Consistent with these studies, we observed increased cell death following growth factor withdrawal in neurons differentiated from HD hiPSCs, a phenotype rescued in the corrected lines ( Figures 5B and 5C ). The consistent sensitivity of HD neurons to growth factor withdrawal highlights the likely contribution of trophic support deficits to the pathogenesis of HD.
Analysis of Differential Gene Expression in HD and Isogenic Control hiPSCs and Differentiated NPCs
To identify transcriptional changes resulting from mutant HTT in our established human HD isogenic models, we performed a global differential gene expression analysis in hiPSC and NPC lines ( Figure 6A ). NPCs were differentiated from the iPSC lines using a previously published protocol (Li et al., 2011) (Figure S5A ). For each cell type, all clones were grown in tandem with three biological replicates each. Global principal-component analysis (PCA) showed distinct clustering of sample groups for both hiPSCs and NPCs, with the non-isogenic CAG33 control clustering furthest from the HD CAG180 and corrected isogenic control samples ( Figure 6B) . To identify differentially expressed genes (DEGs) in hiPSCs and NPCs, we assessed the effect of the HD mutation (HD CAG180 versus DEGs common to all control CAG33 and corrected isogenic lines; ANOVA, false discovery rate using Benjamini-Hochberg correction: 5%). We identified 159 DEGs for hiPSCs (98 upregulated and 61 downregulated) and 131 DEGs for NPCs (72 upregulated and 59 downregulated) in the controls compared with CAG180. Hierarchical clustering of DEGs resulting from the presence of the HD mutation was performed for both hiPSCs ( Figure 6C ) and NPCs ( Figure 6D ). Functional annotation of the DEGs in the differentiated NPCs using WebGestalt revealed ten significantly enriched gene ontology (GO) categories, including nervous system development (corrected p value = 0.012) (Figure S5B) . Pathway enrichment analyses on DEGs in NPCs ( Figure 6E ) revealed significantly enriched KEGG pathways including fatty acid metabolism (corrected p = 0.004), a transforming growth factor b (TGF-b) signaling pathway (corrected p = 0.011), and a peroxisome proliferatoractivated receptor (PPAR) signaling pathway (corrected p = 0.030), as well as Pathway Commons (PC) pathways such as BMP receptor signaling (corrected p = 0.025). In contrast, functional analysis of DEGs in hiPSCs revealed only one significantly enriched GO category, central element (corrected p = 0.038).
To compare the effect of genetic background versus mutation status on differential gene expression, we performed a Venn analysis on the list of genes identified as being differentially expressed relative to the CAG180 HD line when using the non-isogenic (CAG33) versus isogenic (HD-C#1 and HD-C#2) lines as control ( Figure 6F , top). Strikingly, almost half (109) of the 240 NPC DEGs for CAG33 versus CAG180 were not common to the 169 DEGs for corrected isogenic controls versus CAG180. Similarly, 38 of the 169 DEGs found in the corrected isogenic controls versus CAG180 comparison were not identified when comparing the CAG33 and HD CAG180 lines. We validated by qRT-PCR a subset of the DEGs that were common to the CAG33 and corrected control lines ( Figure 6G ) or not ( Figure 6H ). It should be noted that while gene correction may reduce the phenotypic variability related to genetic background, variability due to clonal differences remains. This, for example, is reflected in the incomplete overlap in the DEGs between HD-C#1 and HD-C#2 ( Figure 6F, bottom) . Indeed, of the 12 DEGs assessed by qRT-PCR, 3 showed discordance between HD-C#1 and C#2 ( Figures 6G and 6H ). This highlights the need to assess multiple clones, even when using isogenic controls.
To further validate and investigate the possible biological relevance of the DEGs identified, we focused on CHCHD2, a gene recently identified as a genetic risk factor for a number of neurodegenerative disorders (Zhou et al., 2016) . We examined whether the changes in CHCHD2 mRNA levels observed in NPCs are also present in hiPSCs. Using qRT-PCR, we find that, indeed, CHCHD2 levels are significantly elevated in CAG180 HD hiPSCs relative to the CAG33 and isogenic control lines ( Figure 7A ). Using immunoblotting, we further find that the changes in CHCHD2 mRNA levels are paralleled by similar changes on the protein level (Figure 7B ). Our findings in HD hiPSCs and NPCs are consistent with a previous study showing dysregulated CHCHD2 levels in HD human embryonic stem cells (hESCs) (Feyeux et al., 2012) .
Given that CHCHD2 has been implicated in mitochondrial oxidative phosphorylation (Baughman et al., 2009) , we investigated mitochondrial respiration in CAG180 and isogenic control NPCs ( Figure 7C ). We find that genetic correction results in improved basal respiration and maximal respiration (significant improvement in two of three isogenic lines) ( Figures 7D and 7F) , and significant improvement in ATP production (three of three isogenic lines) ( Figure 7E ).
DISCUSSION
Using a CRISPR/Cas9 nickase-and piggyBac transposonbased HR approach, we demonstrate that the expanded trinucleotide repeat in HTT can be efficiently corrected in hiPSCs. We show that corrected isogenic hiPSC lines retain pluripotency and normal karyotypes, and can be differentiated into excitable and synaptically active neurons. We further show that a number of phenotypic abnormalities in HD hiPSC-derived neural cells, including impaired neural rosette formation, increased susceptibility to growth factor withdrawal, and deficits in mitochondrial respiration, are rescued in isogenic controls. Importantly, using genome-wide expression analysis, we reveal that a number of apparent differences in gene expression seen when comparing HD with non-isogenic control lines are not seen when comparing HD with isogenic corrected lines, indicating that these differences are likely related to genetic background and are not HD-specific effects. We also show that while gene correction may reduce the phenotypic variability related to genetic background, variability due to clonal differences remains, highlighting the importance of assessing multiple clones, even when using isogenic controls. Genetic correction of HD hiPSCs by HR was reported previously using CRISPR/Cas9-assisted methods . However, removal of a selection cassette from the genomic locus of the HTT gene after targeting was not reported. As the presence of a selection cassette may affect HTT expression and regulation, its removal is important to ensure optimal modeling of disease effects.
A number of differentiation protocols for the derivation of MSNs have been published (Arber et al., 2015; Delli Carri et al., 2013) . In this study, using a modified version of the protocol of Delli Carri et al. (2013), we derived neurons from CAG180 hiPSCs capable of survival for over 3 weeks, the majority (88%) of which generated sAPs. This is in contrast to previous work using CAG180 hiPSCs, which reported no sAP firing by cells derived following 2 weeks of neuronal differentiation. Moreover, no cells survived after 3 weeks of differentiation (HD iPSC Consortium, 2012) . Thus, our study demonstrates that improvements in differentiation protocols can lead to enhanced viability and maturity of hiPSC-derived neurons.
While we show that hiPSC-derived neurons can generate APs, differences in the electrophysiological properties of human HD and control neurons remain to be determined. Indeed, that no discernable differences in the electrophysiological characteristics of HD and control neurons were observed likely reflects the heterogeneity in the type of neurons generated by the differentiation protocol employed and not a lack of genotypic difference per se. As such, future studies aiming to tease apart the electrophysiological properties of disease versus control neurons should be coupled with careful definition of not only the neurons being examined but also the presence of other cell types, most notably glia, that can influence neuronal properties.
There are conflicting reports on the impact of mutant HTT on neural rosette formation by human pluripotent stem cells. An early study using HD hESC lines with 37 and 51 CAG repeats reported formation of ''characteristic'' neural rosette structures (Niclis et al., 2009 ). Subsequent studies using HD iPSCs with 72 CAG repeats reported impaired rosette formation, including a significantly decreased number of rosettes per colony and a reduced area of rosette as a percentage of colony area (Jeon et al., 2012) . Consistent with these latter studies, we observed a marked impairment in neural rosette formation in the CAG180 HD line, which was rescued in corrected isogenic control lines. Our findings are reminiscent of the phenotype observed with Hdh-deficient ESCs, where a role for ADAM10 and N-cadherin has been identified (Lo Sardo et al., 2012) . It is interesting to speculate whether the differences in neural rosette formation among the HD pluripo- (legend continued on next page)
but not low CAG lengths (37 and 51 CAGs in Niclis et al., 2009) . Enrichment analyses of the DEGs common to the nonisogenic and isogenic control lines identified a number of pathways that have been previously implicated in HD. For example, TGF-b signaling was previously shown to be altered in HD (Kandasamy et al., 2010; Ring et al., 2015) , drawing interesting links between its role in temporal neurogenesis (Dias et al., 2014) and the known impairment of mutant HTT in striatal and cortical neuronal development (Molina-Calavita et al., 2014) . Pathway enrichment of fatty acid metabolism and PPAR signaling in this study is particularly interesting given their known dysregulation in HD (Block et al., 2010; Dickey et al., 2016) . PPARs are ligandactivated transcription factors activated by lipids and fatty acid derivatives, and they perform essential regulatory roles in various processes including cellular differentiation, metabolism (lipid, carbohydrate, protein) and energy production (Grygiel-Gó rniak, 2014). Indeed, mitochondrial dysfunction and metabolic deficits in HD have been , and those that are not (H). n = 3 per clone; values for three independent biological replicates shown as mean ± SEM; ns, no significance; *p < 0.05, **p < 0.01, and ***p < 0.001 was determined by unpaired t test. replicates; values shown as mean ± SEM; ns, no significance; *p < 0.05 and **p < 0.01, was determined by paired t test.
attributed to mutant HTT interference with PPAR-g coactivator-1 a, a key transcriptional regulator of mitochondrial biogenesis and metabolism (Weydt et al., 2006) . With further relevance to mitochondrial dysfunction in HD is the gene CHCHD2, the expression of which we found to be dysregulated in the CAG180 HD NPCs relative to isogenic and non-isogenic control lines. CHCHD2 was first identified in a computational screen as a regulator of mitochondrial respiration (Baughman et al., 2009) , and subsequently validated in knockdown and overexpression studies (Aras et al., 2015; Baughman et al., 2009 ). More recently, mutations in CHCHD2 have been identified as risk factors for a number of neurodegenerative disorders (Zhou et al., 2016) . The marked upregulation of CHCHD2 in CAG180 HD NPCs that we observed, which is consistent with a previously published report (Feyeux et al., 2012) , is paralleled by deficits in mitochondrial respiration. Given its described role in oxidative phosphorylation, the upregulation in CHCHD2 may represent a compensatory adaptation to cellular energy deficits in HD. However, whether such upregulation in CHCHD2 levels does indeed moderate the energetic status or other phenotypic abnormalities of HD cells remains to be determined. There is widespread recognition of the complementary value of hiPSCs in disease modeling. Indeed, a number of studies have revealed mutant HTT-related molecular and cellular abnormalities using human pluripotent stem cells and differentiated cells, e.g., alterations in transcriptomes, proteomes, ATM-p53 and TGF-b signaling, and monoamine oxidase activity (Mattis and Svendsen, 2015; Ooi et al., 2015) . Cellular abnormalities include enhanced lysosomal activity in HD hiPSCs, altered neuronal glutamate signaling and calcium homeostasis, reduced mitochondrial length and function, reduced neurite length in GABAergic and MSNs, impaired neuronal brain-derived neurotrophic factor (BDNF)-vesicular transport, and reduced viability in response to a number of cellular stress paradigms including BDNF withdrawal, H 2 O 2 treatment, and inhibition of autophagy (Mattis and Svendsen, 2015) . While many of these pathological features had been previously identified in animal models of HD, some human-specific discoveries are starting to emerge from studies in hiPSCs (Ruzo et al., 2015) . Ultimately the use of isogenic control lines will facilitate such efforts, and will help authenticate mutant HTT-specific effects.
EXPERIMENTAL PROCEDURES
Cloning of Constructs
Synthesized oligos for sgRNA-a (Addgene, no. 87201) and sgRNA-b (Addgene, no. 87200) expression were cloned into the Cas9 nickase expression vector pX335. A 1.7-kb 5 0 homology arm containing human HTT exon 1 with 18 ''CAG'' repeats and a 2.4-kb 3 0 homology arm were cloned into the MCS1 and MCS2 sites of the PB HR targeting donor vector (pJOP-HTT-HR18Q, Addgene, no. 87228). The oligo sequences for the sgRNAs are listed in Table S1 .
Cell Culture
HEK293 cells for testing CRISPR-Cas9 activity were cultured in DMEM supplemented with 10% fetal bovine serum. Human CAG33 hiPSCs (ND36997) and CAG180 hiPSCs (ND36999) were obtained from the NINDS iPSC Repository at Coriell Institute and were cultured on Matrigel-coated plates in mTeSR-1 medium (STEMCELL Technologies, no. 05850).
Nucleofection of hiPSCs
hiPSCs were dissociated with Accutase, and 1 3 10 6 cells were electroporated using the Neon Transfection System (Life Technologies) with 1 mg sgRNA-a, 1 mg sgRNA-b, and 4 mg PB donor plasmids at 1,400 V for 3 pulses of 10 ms. Targeted hiPSCs were selected by 1 mg/mL puromycin treatment for 48 hr from day 3 and another 48 hr from day 10 post transfection. Surviving colonies at 2 weeks post transfection were manually picked and expanded for culture and PCR screening.
Selection Cassette Excision
To remove the PB cassette, corrected hiPSCs were transfected with PB Excision-Only Transposase vector (System Biosciences). Seventy-two hours after transfection, 0.2 mM fialuridine (Sigma) was used to eliminate PB cassette-containing clones for 5 days. Resistant colonies were picked and expanded, and further screened by junction PCR.
Analysis of piggyBac TTAA Site Post-excision
The genomic region flanking the TTAA site (PB excision site) from pre-and post-excision clones were PCR amplified and sequenced. Amplicons were analyzed by Sanger sequencing.
Surveyor Assay for OT Analysis
To predict potential OT effects, guide sequences sgRNA-a and sgRNA-b (Table S2) were analyzed using the CasOT script (Xiao et al., 2014) and the top-ranked hits were selected for screening. Selected genomic regions were amplified and amplicons were then mixed in a 1:1 ratio of parental (CAG180):corrected (HD-C#1, #2 or #3) to a final volume of 20 mL for Surveyor assay following the manufacturer's instructions (IDT, no. 706020).
Whole-Exome Sequencing
Whole-exome sequencing of the parental CAG180 hiPSCs and three isogenic control lines was performed. See Supplemental Experimental Procedures for details of the protocol.
Mitochondrial Respiration Analysis
Mitochondrial respiration of CAG180 and corrected control NPCs was carried out using a Seahorse XF96 Extracellular Flux Analyzer followed the instructions of Seahorse XF Cell Mito Stress Test Kit (Seahorse Bioscience). Readings were normalized to total protein measured by Bradford assay, and data were analyzed using the Seahorse Wave software.
Immunoblotting
Cells were lysed with RIPA buffer (Sigma-Aldrich) containing complete protease inhibitor Cocktail Tablets (Roche). A total of 30 mg of protein per sample was separated on NuPAGE 3%-8% Tris-acetate (for HTT/calnexin) or NuPAGE 4%-12% bis-Tris (for CHCHD2/ calnexin) gradient gels followed by transfer to nitrocellulose membrane. Membranes were imaged using the LI-COR Odyssey infrared imaging system and quantified by ImageJ software.
Immunofluorescence Staining
Cells grown on coverslips were fixed with 4% paraformaldehyde (PFA) for 15 min, permeabilized using 0.3% Triton X-100, then blocked with 3% normal donkey serum containing 0.1% Triton X-100 in DPBS, before being stained with primary antibodies at 4 C overnight, followed by the appropriate secondary antibodies for 1 hr at room temperature and 1 mg/mL DAPI (Sigma) for 10 min. Images were acquired using an Olympus FV1000 inverted confocal microscope.
RNA Isolation, cDNA Synthesis, and qPCR RNA was purified using the RNeasy Plus Mini Kit (QIAGEN) and cDNA was generated using PrimeScript RT reagent kit (TAKARA BIO). Quantitative real-time PCR was performed on the StepOnePlus or QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems) using the primers listed in Table S3 . Relative gene expression levels were analyzed using the Comparative CT Method (DDCT Method).
Three Germ Layers Differentiation
To form embryonic bodies (EBs), hiPSCs were dissociated into clumps using Dispase, and cultured on low-attachment tissue culture plates in knockout serum replacement (KSR) medium (DMEM/F12 with 20% knockout serum replacer, 1% GlutaMAX, 1% non-essential amino acids, and 0.1 mM 2-mercaptoethanol). On day 7, EBs were transferred onto Matrigel-coated coverslips and left to spontaneously differentiate for 9 days in KSR medium before fixation and staining.
Differentiation of hiPSCs
NPC differentiation: hiPSCs were induced into NPCs according to a previously published protocol (Li et al., 2011) . Cells between passage 3 and passage 6 were used for experiments. Forebrain neuronal differentiation: hiPSCs were differentiated into forebrain neurons using an established protocol (Delli Carri et al., 2013) incorporating some modifications from other published protocols (Maroof et al., 2013; Xu et al., 2013) . NPCs were induced in N2B27 medium supplemented with certain small molecules and growth factors for 15 days. For final neuronal differentiation, the cells were cultured in N2B27 medium supplemented with BDNF (20 ng/mL), glial cell-derived neurotrophic factor (20 ng/mL), cAMP (N6,2 0 -O-dibutyryladenosine 3 0 ,5 0 -cyclic monophosphate; Sigma, 0.5 mM), and ascorbic acid (0.2 mM).
MEA Recordings
Neurons on day 46 were dissociated and re-plated on 0.1% polyethylenimine (Sigma)-coated 12-well MEA plates (Axion BioSystems) and spontaneous neuronal activity was observed and recorded at 37 C for 5 min every other day using the Maestro MEA system (Axion BioSystems).
Whole-Cell Patch-Clamp Recordings
Whole-cell patch-clamp recordings were performed as described previously . See Supplemental Experimental Procedures for details of the protocol.
Neural Rosette Formation Assay
hiPSCs were dissociated into single cells using Accutase, and 4.5 3 10 6 cells were seeded into AggreWell800 plates to form neural aggregates in STEMdiff Neural Induction Medium. On day 5, neural aggregates were harvested and transferred into poly-L-ornithine/laminin-coated plates. On day 10, cells were fixed using 4% PFA and stained with antibodies against ZO-1 and Nestin.
Growth Factor Withdrawal Assay
hiPSC-derived neurons on day 40 were switched to N2B27 medium supplemented with 50 ng/mL BDNF or N2B27 medium only for 48 hr. Cells were then fixed with 4% PFA and used for TUNEL staining (In Situ Cell Death Detection Kit; Roche) following the manufacturer's instructions.
Microarray Analysis
Total RNA from hiPSC and NPC samples was analyzed on Illumina HumanHT-12-v4 Expression BeadChip. See Supplemental Experimental Procedures for details of the protocol. The detailed methods for immunoblotting, immunofluorescence staining, qPCR, fragment sizing analysis, TTAA site analysis, OT Surveyor analysis, whole-exome sequencing, three germ layer differentiation, differentiation of hiPSCs, MEA recordings, whole-cell patch-clamp recordings, neural rosette formation, growth factor withdrawal, and microarray analysis are found in the Supplemental Experimental Procedures.
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The microarray data reported in this paper have been deposited in the GEO under accession number GEO: GSE93767. 
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